After birth, the full-term ductus arteriosus actively constricts and undergoes extensive histologic changes that prevent subsequent reopening. These changes are thought to occur only if a region of intense hypoxia develops within the ductus wall after the initial active constriction. In preterm infants, indomethacininduced constriction of the ductus is often transient and is followed by reopening. Prostaglandins and nitric oxide both play a role in inhibiting ductus closure in vitro. We hypothesized that combined inhibition of both prostaglandin and nitric oxide production (with indomethacin and N-nitro-L-arginine (L-NA), respectively) may be required to produce the degree of functional closure that is needed to cause intense hypoxia. We used preterm (0.67 gestation) newborn baboons that were mechanically ventilated for 6 d: 6 received indomethacin alone, 7 received indomethacin plus L-NA, and 16 received no treatment (control). Just before necropsy, only 25% of control ductus and 33% of indomethacin-treated ductus were closed on Doppler examination; in contrast, 100% of the indomethacin-plus-L-NA-treated ductus were closed. Control and indomethacin-treated baboons developed negligible-to-mild ductus hypoxia (EF5 technique). Similarly, there was minimal evidence of ductus remodeling. In contrast, indomethacin-plus-L-NA-treated baboons developed intense hypoxia in regions where the ductus was most constricted. The hypoxic muscle strongly expressed vascular endothelial growth factor, and proliferating luminal endothelial cells filled and occluded the lumen. In addition, cells in the most hypoxic regions were undergoing DNA fragmentation. In conclusion, preterm newborns are capable of remodeling their ductus, just like the full-term newborn, if they can reduce their luminal blood flow to a point that produces intense ductus wall hypoxia. Combined prostaglandin and nitric oxide inhibition may be necessary to produce permanent closure of the ductus and prevent reopening in preterm infants. In the full-term infant, closure of the DA occurs in two phases: 1) initial "functional" closure of the DA lumen by smooth muscle constriction, and 2) "anatomic" occlusion of the lumen resulting from endothelial proliferation, neointimal thickening, and loss of smooth muscle cells from the inner muscle media (1, 2). Hypoxia of the DA wall seems to be the required stimulus for irreversible, anatomic closure (3). Anatomic remodeling occurs only in the presence of moderate to intense hypoxia (3). 
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Oxygen normally reaches the muscle media of the DA through either the vessel's lumen or its adventitial vasa vasorum (3) . Arterial wall oxygenation is highest immediately adjacent to the vessel's lumen, diminishes to a nadir in the middle of the muscle media, and increases progressively again toward the vasa vasorum-rich adventitia (4). In the full-term DA, a marked increase in the thickness of the DA wall during postnatal constriction increases the diffusion path for oxygen and produces intense hypoxia in the middle of muscle media, even before luminal flow is completely abolished (3). In the premature DA, even when postnatal constriction reduces the size of the vessel's lumen to the same extent as at term, the increase in vessel wall thickness is only one third of that seen at term. This shortened diffusion path makes the immature DA less susceptible to developing hypoxia. As a result, profound hypoxia and anatomic remodeling frequently fail to develop (3). In the following study, we hypothesized that if we could make the preterm DA completely obliterate its lumen, it might develop the degree of hypoxia needed to initiate the remodeling process.
Muscular constriction of the DA depends on a balance between dilating and contracting forces. The DA in the preterm newborn develops less contractile tension than it does at term because of the inhibitory effects of endogenous vasodilators, like prostaglandins and NO (5-10). Inhibition of prostaglandin production with indomethacin is an effective means of constricting the premature patent DA (11) . Indomethacin treatment leads to the elimination of Doppler-demonstrable luminal blood flow; however, the preterm DA still has a high rate of reopening (11) . We hypothesized that, although NO plays a smaller role than prostaglandins in opposing DA constriction in vitro (5, 6) , combined inhibition of both prostaglandin and NO production may be required to produce the necessary degree of constriction that would completely obliterate the DA lumen and produce DA wall hypoxia. In the following study, we used premature baboons to test the hypothesis that the preterm newborn is capable of remodeling its DA, just like the full-term newborn, if it can constrict its DA to a point that obliterates its lumen and produces DA wall hypoxia.
METHODS
We used preterm fetal and newborn baboons (Papio sp.) (125 d gestation; full term ϭ 185 d) to examine the effects of indomethacin and inhibitors of NO production on ductus closure. Animal care, surgery, and necropsy were performed at the Southwest Foundation for Biomedical Research (San Antonio, TX, U.S.A.). Animals were killed with an overdose of pentobarbital sodium. Preterm fetal baboons (125 d gestation, n ϭ 14) were delivered by cesarean section and killed before breathing. Preterm newborns (n ϭ 32) were delivered by cesarean section at 125 d gestation and cared for in the primate intensive care nursery for the first 6 d after delivery (3) . Ventilator and intensive care nursery management were performed as previously described (3) . Preterm newborns were killed on d 6 (144 h after delivery). These procedures were approved by the Committee on Animal Research at the Southwest Foundation for Biomedical Research.
Experimental groups. Preterm newborns received one of four treatment protocols: 1) indomethacin alone (Indo, n ϭ 6); 2) indomethacin plus L-NA, a NO synthase inhibitor (Indo ϩ L-NA, n ϭ 7); 3) indomethacin plus MMA, a NO synthase inhibitor (Indo ϩ MMA, n ϭ 3); or 4) no treatment (Control, n ϭ 16).
Indomethacin (Indocin, 0.1 mg/kg/dose) was given i.v. (over 20 min) at 24, 48, 72, 84, 96, 108, 120, and 132 h after delivery to animals in groups Indo, Indo ϩ L-NA, and Indo ϩ MMA. This dosing schedule was chosen because higher doses (0.2 mg/kg) produced anuria (12) . Indo ϩ L-NA animals received an infusion of L-NA (Sigma Chemical, St. Louis, MO, U.S.A.) (6 mg/kg/h), starting at 50 h after delivery; the infusion was continuously administered until necropsy. L-NA (185 mg) was dissolved in 1 mL HCl (1 N), buffered with NaOH (1 N), and brought to the appropriate volume with D10W. Indo ϩ MMA animals received an infusion of MMA (Calbiochem, San Diego, CA, U.S.A.) (20 mg/kg/h), starting at 50 h after delivery, that was continuously administered until necropsy. MMA was dissolved in H 2 O and brought to the appropriate volume in D10W. Previous studies in fetal sheep have shown that inhibition of NO synthesis alone produces minimal ductus constriction in vivo compared with the inhibition of prostaglandin synthesis (8, 13) . This may be the result in part of the increase in prostaglandin production that occurs after inhibition of NO synthesis (R. Clyman, unpublished results; 14)). Therefore, we began the infusions of the NO synthase inhibitors 26 h after starting indomethacin so that the NO synthase inhibitors would only affect NO synthesis and not stimulate prostaglandin synthesis. The doses of L-NA and MMA that we chose have similar inhibitory effects on NO production (15) . Infusion rates of L-NA and MMA were reduced by 25% if mean systemic blood pressure was consistently Ͼ47 mm Hg; at necropsy the infusion rates were 5.6 Ϯ 1.1 mg/kg/h for L-NA and 18.3 Ϯ 2.9 mg/kg/h for MMA.
Serum nitrates. Using a NO analyzer (model 280, Sievers, Boulder, CO, U.S.A.), we found that MMA (n ϭ 3) caused a marked reduction in NO release (measured by nitrate reaction products in the serum). We found that serum nitrates fell from preinfusion values of 104 Ϯ 18 and 101 Ϯ 10 M (at 25 and 46 h after delivery, respectively) to 61 Ϯ 4 and 45 Ϯ 12 M (at 47 and 71 h, respectively) after starting the MMA infusion.
Indomethacin concentrations. Plasma indomethacin concentrations were measured as we have described previously (16) . There were no significant differences in peak indomethacin concentrations, measured 1 h after the last dose of indomethacin, between animals in the Indo group (381 Ϯ 165 ng/mL, n ϭ 6) and those in the Indo ϩ L-NA group (561 Ϯ 223 ng/mL, n ϭ 6). In addition, there were no significant differences in peak indomethacin concentrations, after the final indomethacin dose, between those baboons with an open DA lumen (421 Ϯ 174 ng/mL, n ϭ 6) and those with a closed DA lumen (521 Ϯ 246 ng/mL, n ϭ 6) at necropsy.
Pulsed-Doppler studies. Pulsed-Doppler flow studies were performed daily, using an 8-mHz transducer interfaced with a Biosound ND256 echocardiographic system to confirm the presence, direction, and timing of ductus flow (3). Dynamic compliance and expiratory airway resistance were measured 366 with a VT1000 Vital Station Neonatal Plethysmograph (Vitaltrends Technology, Wallingford, CT, U.S.A.).
Tissue preparation. Necropsies were performed immediately after the last Doppler examination. The DA was dissected in Dulbecco's PBS solution at 4°C. The minimal luminal diameter was measured and the DA was embedded in Tissuetek (Bayer Corp., Elkhart, IN, U.S.A.) and frozen in liquid nitrogen. In some experiments, the DA was divided in two: one half was embedded in Tissuetek and frozen in liquid nitrogen, whereas the other half was fixed for 5 h in fresh 4% paraformaldehyde at 4°C before paraffin embedding.
Detection of hypoxia with EF5.
To detect regions of hypoxia within the DA, we used the EF5 detection system that we have described previously (3, 17) . EF5 binds to cysteine residues of cellular proteins after it has been acted upon by intracellular, hypoxia-dependent nitroreductases (18) . When it has been studied in different cell lines, tissues, and species, both in vivo and in vitro, EF5 has been found to have a similar oxygen dependency for its rate of binding (18) . There is a 50-to 100-fold dynamic range of EF5 binding when tissue O 2 concentrations change from 10 to Ͻ0.1% oxygen (3, 18) .
We gave the premature baboons EF5 (10 Ϫ4 mol/kg (30 mg/kg i.v. over 10 min) 36 h before necropsy. Blood samples were collected at 1, 6, 12, 24, and 36 h after the dose and analyzed for EF5 as previously described (3) . The in vivo exposure of tissues to EF5 was calculated from the area under the curve of the EF5 serum concentrations and was similar among the groups (data not shown).
We have shown previously that EF5 binding in vivo can be assessed quantitatively using immunofluorescent techniques (3, 18) . We used MAb (ELK 3-51), which is highly specific for EF5 tissue adducts, to detect the presence of bound EF5 in the tissue. Direct digital image acquisition was performed with a "Quantix" CCD camera (Photometrics, Tucson, AZ, U.S.A.) and the digitized images were analyzed with National Institutes of Health "Image" software and Adobe Photoshop (Adobe Systems, Mountain View, CA, U.S.A.). The microscope was calibrated for constant light output as previously described (3). For digital analysis, the exposure time was set by the camera's automatic exposure system. We assigned a "relative intensity" to a microscopic field by considering the range of pixel intensities and the total camera exposure time. These procedures allowed us to adjust the camera exposure times to provide visually acceptable images while preserving the absolute intensity information. The absolute intensity values were corrected for the in vivo EF5 drug exposure and were expressed as a percent of the calculated maximal expected binding (18) . In these experiments, two types of control tissues were used: 1) tissue from animals that were not given EF5 and 2) tissue from EF5-treated animals that were stained with ELK 3-51 antibody plus 0.5 mM EF5 to tie up specific antibody binding sites. There was no staining of either control tissue (data not shown).
In some experiments, the nucleophilic dye, Hoechst No. 33342 (Sigma Chemical) bisbenzimide, (20 mg/kg) was administered to the animals, i.v., 15 min before necropsy. Because this fluorescent dye readily intercalates into cellular DNA in vivo, it can be used to demonstrate regions of the DA that were perfused and had access to the dye (as measured by Hoechst bisbenzimide uptake) just before necropsy.
Immunohistochemistry. Protocols for the immunohistochemistry of eNOS, vWF, PECAM (CD-31), PCNA, VEGF, and EF5 were similar to those reported previously (3, 5 Paraffin-embedded sections were rehydrated and incubated with rabbit anti-VEGF antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). Scoring for VEGF was as follows: 0, no staining; 1ϩ, mild staining; and 2ϩ, moderate staining. All sections were stained in the same assay. Assays were reproduced on three separate occasions. Control sections were incubated with either rabbit IgG (Sigma Chemical) or anti-VEGF antibody that had been preabsorbed to excess amounts of control VEGF peptide. There was no staining of control tissues (data not shown).
PCNA is present in proliferating cells during S, G1, and G2 phases of the cell cycle (19) . We used a monoclonal anti-PCNA antibody (Santa Cruz Biotechnology) to monitor endothelial cell proliferation (19, 20) as we have described previously (3). In each experiment, we used sections of baboon small intestine to demonstrate the specificity of PCNA staining because its sites of proliferation are known (20) . The total number of PCNA-positive cells per 100 cells lining the ductus lumen were determined by counting 100 cells from each of four separate predetermined quadrants of the vessel's lumen.
Histologic measurements were made at the level of minimal luminal area, which was determined from serial sections made through the tissue. Tissue dimensions were determined by averaging measurements made from eight predetermined regions of the section, using an overlay template and National Institutes of Health Image software. All measurements were made from sections stained for eNOS because antibodies made against eNOS, PECAM, and vWF showed the same pattern of endothelial cell distribution. The neointimal zone was defined as the region between the luminal endothelial cells and the internal elastic lamina (identified by phase contrast microscopy). The depth of vasa vasorum ingrowth, into the muscle media, was based on the presence of vasa vasorum within predetermined concentric regions that partitioned the DA wall between the intima and the adventitia (5).
Cell death. We used the TUNEL technique to detect cells in the early stages of DNA fragmentation and cell death as we have described previously (3) . This technique identifies cells undergoing necrosis (21) as well as apoptosis (22) . DNA breaks were detected with the fluorescein-conjugated dUTP Apotag detection system (Oncor, Gaithersburg, MD, U.S.A.). There was no nonspecific binding of reagents to nuclei when TdT was omitted from the assay (data not shown). In contrast, when sections were pretreated with DNAse I, all of the nuclei 367 DUCTUS ARTERIOSUS REMODELING stained positively (data not shown). The number of TUNELpositive nuclei per 100 nuclei was scored in the region of EF5 staining. Regions of the section that had negligible EF5 binding had no TUNEL positive nuclei (see below).
Statistics. Results are presented as means Ϯ SD unless otherwise indicated. Intergroup differences were evaluated with either a 2 analysis or unpaired t test. When more than one comparison was made, Bonferroni's correction was used.
RESULTS
Among the 16 control newborns, only 4 (25%) closed their DA on Doppler examination by d 6. Sixty-six percent of the newborns treated with indomethacin alone closed their DA on Doppler examination at some point during the experiment (Fig.  1) ; however, only 33% were still closed on the Doppler exam on d 6. In contrast, 90% of newborns treated with indomethacin and a NOS inhibitor (either L-NA or MMA) had a closed DA on Doppler examination on d 6 (Fig. 1) .
Although no Doppler flow could be detected in 25% of the Control newborns, a small patent lumen (Ͼ0 mm diameter) was still visible at the time of necropsy in all of the Control DA ( Fig. 2A) . There was no significant difference in the size of the DA lumen at necropsy between the Control and Indo newborns ( Fig. 2A) . In contrast, 80% of the newborns treated with both indomethacin and a NOS inhibitor (either L-NA or MMA) had a closed lumen at necropsy (p Ͻ 0.05 versus Control or Indo groups) (Fig. 2A) .
We injected the hypoxia indicator, EF5, into the preterm newborns 36 h before necropsy. DA from the Control and Indo groups had only negligible-to-mild EF5 binding (Figs. 3 and  4A ). In contrast, DA from newborns treated with Indo ϩ L-NA had intense EF5 binding, indicating profound hypoxia (Figs. 3 and 4, C and E) (see Refs. 17 and 23 for correlation between EF5 binding and tissue oxygen concentration). Differences in the amount of EF5 binding depended on the degree of DA constriction (Fig. 3) . The marked increase in EF5 binding in the Indo ϩ L-NA animals was observed only in the portion of the DA with extensive reduction in luminal area. Sections taken near the aortic end of the DA (that still contained a widely patent lumen) had negligible EF5 binding.
The site of maximum EF5 binding within the DA wall also was dependent on the amount of luminal perfusion (as measured by Hoechst bisbenzimide uptake) (Fig. 4) . As long as there was any evidence of luminal perfusion (Fig. 4B) , maximum EF5 binding occurred in the middle of the muscle media (Fig. 4C) , halfway between the two sources of DA wall perfusion (lumen and vasa vasorum) (Fig. 4, B and C) . In contrast, if luminal perfusion was completely obliterated (Fig.  4D) , maximum EF5 binding occurred in the region furthest from the vasa vasorum-the central neointima inner media (Fig. 4, D and E) .
We used the TUNEL assay of DNA fragmentation to identify cells that were in the early stages of cell death. TUNELpositive cells were found exclusively in regions of Indo ϩ L-NA-treated DA that had intense EF5 binding (Fig. 4, E and  F, and Fig. 5 ). Sections taken from the aortic end of the Indo ϩ L-NA DA, which had negligible EF5 binding, had no TUNEL-positive nuclei (0 Ϯ 0).
During the first days after birth, endothelial cells that line the DA lumen in the full-term DA proliferate and become a significant component of the expanding neointima (1, 2) . Therefore, we looked at VEGF expression during DA closure because VEGF is induced by hypoxia (24) and plays an important role in endothelial cell proliferation and migration (25) . We were unable to detect VEGF by immunohistochemistry in the muscle media of the preterm fetal DA (Fig. 6A) . In contrast, smooth muscle cells in the hypoxic zone of the preterm newborn DA did express detectable levels of VEGF 
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( Fig. 6A) . There was significantly greater VEGF expression in the smooth muscle cells of the Indo ϩ L-NA DA than in those from the Control or Indo-treated newborns (p Ͻ 0.05) (Fig. 6A and Fig. 7, A and D) . Differences in the amount of VEGF expression depended on the degree of DA constriction [VEGF versus diameter of DA lumen, p Ͻ 0.01, (Fig. 6B)] .
We examined the rate of luminal endothelial Among the Control and Indo newborns, only 6% and 33%, respectively, had evidence of endothelial cell accumulation in the DA lumen (Fig. 2C) ; the rest were lined by a single layer of luminal endothelial cells (Fig. 7E) . In contrast, all of the DA from the Indo ϩ L-NA newborns had neointimal mounds filled with endothelial cells (Fig. 2C and Fig. 7B ). The DA from the Indo ϩ L-NA baboons also had a significantly thicker neointima than the DA from the Control or Indo baboons (Fig. 2B and Fig. 7, B and E) .
In the fetal DA, vasa vasorum were restricted to the adventitia (Fig. 2D) . After birth, vasa vasorum invaded the muscle media, even in the Control newborns (Fig. 2D) . The baboons treated with Indo ϩ L-NA had a much greater ingrowth of vasa vasorum than those in the Control and Indo groups (Fig. 2D and Fig. 7, C and F) .
The changes in VEGF and PCNA expression, as well as the changes in luminal and vasa vasorum endothelial cells, occurred only in the constricted portion of the Indo ϩ L-NA DA, where there was extensive reduction in luminal size. In contrast, these changes were not detectable in regions from the same vessels where the lumen was still widely patent and EF5 binding was negligible (e.g. near the aortic end of the DA).
Systemic responses. L-NA caused a significant increase in systemic blood pressure that persisted for the duration of the infusion (Fig. 8) . L-NA-treated animals required a transient increase in FIO 2 (which was not statistically significant) during the first 12 h of infusion (Fig. 8 ). There were no differences between the two groups in other respiratory variables (Fig. 8) , in arterial pH or base deficit, in hourly urine output (Fig. 8) , or in other variables measured on d 6 (white cell, red cell, or platelet counts; total protein, albumin, globulin, creatinine, cholesterol, ALT, AST, alkaline phosphatase, gamma glutamyl transferase, lactic dehydrogenase, bilirubin, blood urea nitrogen, creatinine phosphokinase, or methemoglobin) (data not shown).
DISCUSSION
Our results demonstrate that prostaglandins are not the only important factor opposing DA constriction in the preterm newborn; NO plays an important role as well. The combined use of a NOS synthase inhibitor (either L-NA or MMA) and indomethacin produced a much greater degree of DA constriction in vivo than indomethacin alone (Figs. 1 and 2A) . This is consistent with in vitro studies (5, 6) .
Our results also demonstrate that, just like the full-term DA, the premature DA is capable of undergoing anatomic remodeling if it can develop the same degree of intense hypoxia that is observed at term. We found that the premature DA required tighter constriction, and more complete obliteration of its lumen, to produce the same degree of hypoxia observed at term (see Ref. 3) . Despite the absence of Doppler-detectable luminal blood flow, a small, residual patent lumen was frequently present at necropsy in the premature baboons (Fig. 2A) ; even when the lumen appeared to be closed at necropsy, some degree of luminal perfusion (as measured by Hoechst bisbenzimide uptake) was frequently present (Fig. 4B) . The most intense DA wall hypoxia occurred only when there was complete absence of luminal perfusion (Figs. 3 and 4E) .
Hypoxia of the DA wall (or events that lead to the development of hypoxia) appears to be the required stimulus for anatomic remodeling. Although other explanations could account for the individual appearances of VEGF and cell death in the wall of the DA (26 -32) , their geographic distribution can be completely accounted for by the intensity and distribution of hypoxia, as measured by EF5 (Figs. 4, E and F, 5, and 6 ). Moderate VEGF expression and cell death were observed only in the most constricted portion of the Indo ϩ L-NA-treated DA (where EF5 binding was greatest); the changes were not detectable in sections from the same DA, where the lumen was 
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more widely patent and EF5 binding was negligible. Our current results are consistent with similar findings in different models of ductus remodeling (postnatal closure in the full-term newborn (3), indomethacin-induced constriction in the late gestation fetus (33) , and hyperoxia-induced constriction in the preterm newborn (23) ). It appears that, no matter what the stimulus is for ductus constriction, profound hypoxia in the ductus wall is required before remodeling can take place (3, 23, 33) .
Our studies support the concept that, even in the preterm infant, functional obliteration of the DA lumen is both necessary and sufficient to initiate the remodeling process. We hypothesize that the hypoxia-inducible growth factor VEGF may play a crucial role in neointimal expansion and vasa vasorum ingrowth because it stimulates endothelial cell proliferation and permeability (34, 35) . Changes in luminal endothelial permeability also could increase the rate of neointima formation by increasing the access of medial smooth muscle cells to blood borne mitogens and chemoattractants (36) .
Although evaluation of the systemic effects of NO inhibition was not a primary objective of our study, some preliminary observations are worth mentioning. Inhibition of NO production has been shown to increase vascular resistance and decrease carotid, renal, and mesenteric blood flows in adult humans and experimental animals (37-41). It also affects renal filtration and absorption (41-43), myocardial contractility 
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DUCTUS ARTERIOSUS REMODELING (44) , and pulmonary vascular pressure (39, 40) . Similar studies are not available in the extremely preterm newborn. We found that inhibition of endogenous NO production (in animals that were pretreated with indomethacin) caused a significant increase in systemic blood pressure. Our preliminary findings showed no significant evidence of systemic toxicity; however, future studies will be required to more thoroughly evaluate the possibility of local ischemic injury.
Our findings also address another important clinical observation: indomethacin is most effective in closing the preterm DA if it is given on the first day after birth; its effectiveness wanes with increasing postnatal age (11) . After delivery, eNOS-expressing vasa vasorum invade the outer muscle media of the newborn DA. This occurs even in vessels without other evidence of anatomic remodeling (Fig. 2D, Control) . These new vasa vasorum do not appear to express the enzymes that make prostaglandins (COX-1 or COX-2), (Clyman RI, unpublished results). During the first days after delivery, as more vasa vasorum grow into the newborn DA, it is possible that NO production may become as important as tissue prostaglandins in maintaining DA patency. As a result, indomethacin (which only inhibits prostaglandin production) would become less effective in producing DA closure. Drugs interfering with NO synthesis may become useful adjuncts in treating the patent DA, especially in situations where indomethacin has proven to be ineffective. 
